Whereas ifenprodil has been used as a selective GluN1/GluN2B (NR1/NR2B, B-type) receptor antagonist to distinguish between GluN2B (NR2B) and GluN2A (NR2A)-containing N-methyl-Daspartate receptors (NMDARs), Contrary to this prediction, inhibition of NMDAR EPSPs by the TCN compounds and ifenprodil were largely overlapping in the CA1 region of hippocampal slices from 30-day-old rats. After partial inhibition by ifenprodil, TCN compounds produced little further suppression of NMDAR EPSPs. Similarly, after partial inhibition by TCN compounds ifenprodil failed to further suppress NMDAR EPSPs. However, low micromolar D-2-amino-5-phosphonovalerate, a competitive NMDAR antagonist, which alone only partially inhibits NMDAR EPSPs, markedly suppresses residual NMDAR responses in the presence of ifenprodil or the TCNs, suggesting that low 2-amino-5-phosphonovalerate antagonizes both ifenprodil-and TCN-insensitive synaptic NMDARs. These observations can be most readily interpreted if ifenprodil and TCNs act on a similar population of synaptic NMDARs. Recent lines of evidence suggest that the majority of hippocampal synaptic NMDARs are triheteromers. If so, modulation of GluN2A, and not just GluN2B NMDARs, could dampen long-term depression (LTD). Indeed, both TCNs, like ifenprodil, blocked LTD, suggesting the involvement of ifenprodil-and TCN-sensitive NMDARs in LTD induction. However, the TCNs plus ifenprodil failed to inhibit long-term potentiation (LTP), suggesting that neither ifenprodil-nor TCN-sensitive NMDARs are essential for LTP induction.
Introduction
N-Methyl-D-aspartate (NMDA) receptors (NMDARs) are tetrameric glutamate-gated ion channels containing two GluN1 (NR1) subunits and two GluN2 (NR2) subunits (Traynelis et al., 2010; Paoletti at al., 2013) . Because these subunits are thought to assemble in a dimer-of-dimers configuration (Schorge and Colquhoun, 2003) , NMDARs have been assumed to be predominantly diheteromers of GluN1/GluN2A (A-type) or GluN1/GluN2B (B-type) (Al-Hallaq et al., 2007) .
Ifenprodil, which binds to the N terminus of GluN2B (Williams, 1993) , has been used as a selective B-type antagonist to distinguish between GluN2B-and GluN2A-containing NMDARs in synaptic and extrasynaptic membranes (Cull-Candy and Leszkiewicz 2004) . By contrast, selective antagonists against GluN2A-containing NMDARS have not been available until recently. Although ethyl]amino](1,2,3,4-tetrahydro-2,3-dioxo-5-quinoxalinyl)methyl] phosphonic acid tetrasodium hydrate) (Auberson et al., 2002) has been used to isolate GluN2A-containing NMDAR responses, NVP only weakly discriminates GluN2A from GluN2B (Frizelle et al., 2006; Izumi et al., 2006; Neyton and Paoletti 2006; Wyllie and Chen 2007) , underscoring the need for more selective antagonists.
Recently, (Bettini et al., 2010) . GluN1/GluN2A receptor currents elicited by 30 mM NMDA with 3 mM glycine in HEK 293T cells are inhibited by 3 mM TCN 201 (Bettini et al., 2010) . Moreover, currents recorded from oocytes expressing GluN1/GluN2A subunits are also blocked by 10 mM TCN 201. Similar effects are observed with TCN 213, although TCN 201 is a more potent antagonist. Furthermore, TCN 201 has no effects in oocytes expressing GluN1/GluN2B, confirming its relative selectivity (Edman et al., 2012; Hansen et al., 2014) .
In the CA1 hippocampal region, we previously observed that 10 mM ifenprodil only partially inhibits NMDAR-mediated excitatory postsynaptic potentials (EPSPs) and that residual responses are suppressed completely by low micromolar concentrations of 2-amino-5-phosphonovalerate (APV), a broad spectrum, competitive NMDAR antagonist. Similarly, residual NMDAR EPSPs in the presence of low APV are completely inhibited by ifenprodil (Izumi et al., 2006) . These observations suggest that low micromolar APV may serve as an antagonist for ifenprodil-insensitive NMDAR subtypes. If A-and B-type NMDARs are the exclusive NMDARs in the hippocampus, these observations suggest that low concentrations of APV may preferentially act as an A-type antagonist. If so, we hypothesize that the effects of APV should be mimicked by the TCN compounds, and that these agents should block residual NMDAR EPSPs in the presence of ifenprodil.
In the present study, we examined TCN 201 and TCN 213 on NMDAR-mediated EPSPs in the absence and presence of ifenprodil and low concentrations of APV. We also examined these agents against long-term potentiation (LTP) and longterm depression (LTD), based on prior studies showing that ifenprodil inhibits LTD but not LTP (Izumi et al., 2006) .
Materials and Methods
Hippocampal Slice Preparation. Hippocampal slices were prepared from postnatal day (P) 28-32 Sprague-Dawley male albino rats using standard methods (Izumi and Zorumski, 2012) . Rats were anesthetized with isoflurane and decapitated. Dissected hippocampi were placed in ice-cold artificial cerebrospinal fluid containing (in mM): 124 NaCl, 5 KCl, 2 MgSO 4 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 22 NaHCO 3 , 10 glucose, bubbled with 95% O 2 /5% CO 2 at 4-6°C, and cut into 500 mm slices using a rotary slicer. Acutely prepared slices were placed in an incubation chamber containing gassed artificial cerebrospinal fluid for at least 2 hours at 30°C before further experimentation.
Hippocampal Slice Physiology. At the time of study, slices were transferred individually to a submersion-recording chamber. Experiments were done at 30°C with continuous artificial cerebrospinal fluid perfusion at 2 ml/min. Extracellular recordings were obtained from the apical dendritic layer (stratum radiatum) of the CA1 region for analysis of EPSPs using electrodes filled with 2 M NaCl (5-10 MV resistance).
Input/output curves were generated using stimuli of six different intensities to allow determination of half-maximal responses. The smallest stimulus was set to evoke a response less than half-maximal while the largest stimulus was designed to evoke a fully saturated response. During an experiment, evoked EPSPs were monitored by applying single stimuli to the Schaffer collateral pathway every 60 seconds at an intensity that elicited half-maximal responses. After establishing a stable baseline for at least 10 minutes, LTD was induced by applying low-frequency stimulation (LFS) at 1 Hz using the same intensity stimulus to the Schaffer collateral pathway for 15 minutes. LTP was induced by high-frequency stimulation (HFS) consisting of a single 100 Hz Â 1 second train using the same intensity stimulus. Input/output curves were repeated after 60 minutes following HFS or LFS to determine the magnitude of LTP and LTD based on changes in the half-maximal responses. Isolated NMDAR synaptic responses were studied in bath solution containing 2.5 mM calcium and 0.1 mM magnesium in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione to inhibit a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor-mediated components, and responses were evoked once per minute (Izumi et al., 2006) . Chemicals. TCN 201 and TCN 213 were purchased from Tocris (St. Louis, MO). All other chemicals were purchased from SigmaAldrich (St. Louis, MO). According to the instructions from the supplier, TCN 201 was dissolved in dimethylsulfoxide as a stock solution (50 mM), while TCN 213 was dissolved in dimethylsulfoxide or ethanol as stock solutions (50 and 10 mM, respectively).
Statistical Analysis. Data were collected and analyzed using PClamp software (Axon Instruments, Union City, CA). LTP and LTD data are expressed as the mean 6 S.E.M. measured 60 minutes following LFS or HFS, and are normalized with respect to initial baseline recordings (set at 100%). A two-tailed Student's t test was used for comparisons between groups. In cases of non-normally distributed data, the nonparametric Wilcoxon rank sum test was used. Statistical comparisons were based on input/output curves at baseline and 60 minutes following LFS or HFS, with P , 0.05 considered significant, and were done using commercial software (SigmaStat; Systat Software, Inc., Richmond City, CA). Changes within the same slice in isolated NMDAR synaptic responses by multiple drug perfusions were compared with the paired Student's t test using SigmaStat.
Results
Effects of APV and Ifenprodil on NMDA EPSPs. In the initial experiments, we re-examined the effects of low micromolar concentrations of ifenprodil and D-2-amino-5-phosphonovalerate (D-APV) on NMDAR-mediated EPSPs in the CA1 region of hippocampal slices from postnatal day 30 (P30) rats. As found previously, 10 mM ifenprodil and 5 mM D-APV each depress NMDAR-mediated EPSPs by 50% or less (Izumi et al., 2006) . Administration of 5 mM D-APV alone promptly but partially depressed NMDAR EPSPs in a reversible manner (NMDAR-EPSP slope: 58.2 6 9.2% of baseline following 15 minute administration, N 5 5; Fig. 1A ). In another set of slices treated with 5 mM D-APV, 10 mM ifenprodil further suppressed NMDAR responses (50.6 6 6.6% of baseline with D-APV alone, 16.3 6 3.6% with the combination, N 5 5, P , 0.01 compared before and after ifenprodil administration, N 5 5; Fig. 1B ). When ifenprodil was administered first, NMDAR EPSPs were slowly depressed (57.8 6 1.9% after 30 minute administration) and the addition of D-APV further suppressed these responses (11.1 6 2.3%, P , 0.01 compared before and after D-APV administration, N 5 5; Fig. 1C ). The depression induced by ifenprodil is very slow to reverse and persists after washout of the drug (51.9 6 4.4% after 30 minute administration and 51.9 6 3.7% 60 minutes after washout, N 5 5; Fig. 1D ).
Effects of TCN Compounds on NMDA EPSPs. These observations indicate that ifenprodil-insensitive NMDARs are inhibited by low micromolar concentrations of APV. Based on the premise that GluN1/GluN2A (A-type) and GluN1/GluN2B (B-type) are the major diheteromeric NMDAR subtypes in the hippocampus, we hypothesized that ifenprodil and the TCN compounds, which have been described as selective inhibitors of GluN2A-containing receptors (Hansen et al., 2014) , may also discriminate these receptor subtypes at synapses in the native hippocampus. Specifically, we examined whether the TCN compounds mimic the actions of 5 mM APV and suppress residual NMDAR EPSPs in the presence of ifenprodil.
TCN 201 depressed isolated NMDAR EPSPs in a concentrationdependent fashion ( Fig. 2A) . Thirty minute administration of 10 mM TCN 201 depressed NMDAR EPSPs only partially (65.3 6 8.6% of baseline, N 5 5). Increasing the concentration to 30 mM depressed NMDAR-mediated EPSPs to 53.0 6 6.6%; however, this increase was not statistically significant (P 5 0.27). Against our hypothesis, addition of 10 mM ifenprodil failed to further suppress these responses (50.5 6 5.1%). In contrast, addition of 5 mM D-APV quickly suppressed the residual responses in a reversible manner (14.1 6 2.1%, P , 0.01; Fig. 2B ).
To further test interactions of TCN 201 with ifenprodil and APV, we reversed the order of drug application (Fig. 2C ). Thirty minute administration of 10 mM ifenprodil depressed NMDAR-mediated EPSPs to 72.7 6 4.5% of baseline (N 5 5). Addition of 10 and 30 mM TCN 201 depressed NMDAR EPSPs to 56.5 6 5.1 and 45.8 6 7.8%, respectively (P , 0.01 versus ifenprodil alone for both concentrations). While the effects of TCN 201 were significant in this set of experiments, we did not observe anything near a complete block of NMDAR EPSPs by the drug combination, and the effects of ifenprodil were less than typically observed. In contrast, addition of 5 mM D-APV nearly completely suppressed the residual responses (8.0 6 2.1%, P , 0.01; Fig. 2B ).
We also examined whether TCN 213, a related GluN1/GluN2A antagonist, showed similar effects on NMDAR EPSPs. As was true for TCN 201, depression of NMDAR EPSPs by ifenprodil was increased by TCN 213 but again did not result in complete NMDAR EPSP suppression (60.8 6 6.7% with ifenprodil and 49.5 6 1.7% by addition of 10 mM TCN 213, N 5 5; Fig. 3A) . In contrast, residual responses were clearly suppressed by 5 mM D-APV in a reversible manner (10.6 6 1.3%, P , 0.001). Similarly, the depression induced by 10 mM TCN 213 (60.5 6 6.0%, N 5 5; Fig. 3B ) was not clearly augmented by addition of 10 mM ifenprodil (58.1 6 5.3%, P 5 0.72); however, residual responses were nearly completely and reversibly suppressed by 5 mM D-APV (9.7 6 1.1%, P , 0.001).
TCN 213 can also be dissolved in ethanol. To determine whether the solvent influences our results, we examined whether TCN 213 dissolved in ethanol had similar effects on NMDAR EPSPs. Again, expression of NMDAR EPSPs by ifenprodil was not altered significantly by TCN 213 (62.4 6 6.4% with ifenprodil and 49.1 6 10.7% by addition of 10 mM TCN 213, N 5 5, P 5 0.32; data not shown). Residual responses again were clearly suppressed by 5 mM D-APV in a reversible manner (7.2 6 0.6%, P , 0.01). Also, the depression induced by 10 mM TCN 213 (79.2 6 9.5%, N 5 5; data not shown) was not clearly augmented by addition of 10 mM ifenprodil (67.0 6 6.6%, P 5 0.32); however, residual responses were reversibly and nearly completely suppressed by 5 mM D-APV (10.5 6 1.2%, P , 0.01).
Effects of TCN 201 in the Presence of Bitopertin. Because TCN 201 is reported to be a negative allostereic modulator of glycine binding in GluN1/2A receptors (Edman et al., 2012; Hansen et al., 2012) , we examined it in the presence of bitopertin, a glycine uptake inhibitor. It has been reported that 100 nM, but not 300 nM, bitopertin facilitates LTP induction in rat slices (Alberati et al., 2012) . Administration of 30 nM bitopertin augmented NMDAR EPSPs (153 6 24%, N 5 5; Fig. 4A) ; however, these EPSPs were not further augmented by 100 nM (158 6 23%) or by 300 nM (146 6 19%). In another set of experiments, 100 nM bitopertin increased NMDAR EPSPs (139.0 6 21.8%, N 5 6; Fig. 4B ). In these slices 30 minute administration of 10 mM TCN 201 partially depressed NMDAR EPSPs (73.4 6 15.1 or 60.9 1 6.3%, if compared with the response in the presence of bitopterin alone); however, administration of 10 mM ifenprodil failed to further depress NMDAR EPSPs (71.9 6 12.9%).
Effects of the TCN Compounds on LTP. These observations suggest that the TCN compounds do not serve as selective antagonists for GluN2A-containing NMDARs, but rather have major effects on NMDARs inhibited by ifenprodil that likely express GluN2B subunits at CA1 synapses. We previously showed that ifenprodil alone, or low concentrations of APV alone, do not inhibit CA1 LTP induction, although a combination of ifenprodil with low concentrations of APV blocks LTP (Izumi et al., 2006) . This strongly suggests that LTP inhibition in the CA1 region requires blocking of both ifenprodil-sensitive and ifenprodil-insensitive NMDARs. In the next set of experiments, we examined whether the combination of the TCN compounds with ifenprodil alters LTP induction. Consistent with the apparent lack of strong effects of the TCN compounds on ifenprodil-insensitive NMDARs, we found that a combination of 10 mM TCN 201 with 10 mM ifenprodil failed to block LTP induction (147.8 6 20.8% of baseline responses after 60 minutes following HFS, N 5 5; Fig. 5A ). Similarly, 10 mM TCN 213 dissolved in ethanol with ifenprodil failed to block LTP (N 5 5; Fig. 5B ). In contrast, a combination of 10 mM TCN 201 and 5 mM D-APV completely inhibited LTP (N 5 5; Fig. 5C ). HFS also failed to induce LTP in the presence of 10 mM TCN 213 and 5 mM D-APV (101.7 6 7.5%, N 5 5; Fig. 5D ). We also confirmed that 5 mM D-APV alone does not inhibit LTP (135.3 6 3.7%, N 5 5; Fig. 5E ), as previously reported (Izumi et al., 2006) .
Effects of the TCN Compounds on LTD. In contrast to LTP, we previously found that ifenprodil alone inhibits LTD induction (Izumi et al., 2006) . If TCN compounds and ifenprodil share mechanisms of action, then these agents would also be expected to inhibit LTD. In a final set of experiments, we examined the effects of the TCN compounds alone on LTD induction. In control slices, LFS reliably induced LTD (63.1 6 7.9%, N 5 5). In the presence of 10 mM TCN 201, LFS failed to induce LTD (96.2 6 5.6 of baseline responses, N 5 5, P , 0.01 versus control; Fig. 6A ). Similarly, LFS failed to induce LTD in the presence of 10 mM TCN 213 dissolved in ethanol (107.2 6 4.0, N 5 7, P , 0.01; Fig. 6B ). These results suggest that TCN compounds are similar to ifenprodil in their actions on both LTP and LTD in the rat CA1 region.
Discussion
We previously showed that 10 mM ifenprodil partially inhibits NMDAR EPSPs in hippocampal slices from 30 day old rats (Izumi et al., 2005b (Izumi et al., , 2006 . Furthermore, we observed that low micromolar APV, which alone only partially inhibits NMDAR EPSPs (Fig. 1) , markedly suppresses residual NMDAR responses in the presence of ifenprodil, suggesting that low APV antagonizes ifenprodil-insensitive synaptic NMDARs (Izumi et al., 2006) . In the present study, we hypothesized that inhibition of NMDAR EPSPs by the TCN compounds and ifenprodil would be complementary, based on the premise that A-and B-type NMDARs are major synaptic NMDARs and that the former are blocked by TCN compounds and the latter by ifenprodil. To test this hypothesis, TCN compounds were administered in the presence of ifenprodil or vice versa. Contrary to our prediction, inhibition of NMDAR EPSPs by the TCN compounds and ifenprodil are largely overlapping. Because glycine/D-serine levels may affect inhibition by the TCN compounds, we examined effects in the presence of the selective glycine uptake inhibitor, bitopertin. Although bitopertin augmented NMDAR EPSPs in some slices, the degree of depression by TCN 201 was similar and further depression was not observed with ifenprodil. While our studies did not specifically evaluate D-serine, recent evidence indicates that both D-serine and glycine are synaptic NMDAR coagonists in the CA1 region. However, D-serine appears to be the more important coagonist for LTP induction (Rosenberg et al., 2013) .
How should we interpret these findings? Based on prior studies, it seems unlikely that the TCNs mimic ifenprodil as B-type antagonists. Bettini et al. (2010) found that TCN 201 blocks NMDA currents in HEK 293 cells expressing GluN1/GluN2A with an IC 50 of 109 nM and no effect on GluN1/GluN2B below 30 mM. Other studies (Edman et al., 2012; Hansen et al., 2014) found that NMDA currents in cells expressing GluN1/GluN2A are substantially inhibited by TCN 201 and TCN 213, without effecting GluN1/GluN2B. 
TCN 201 and TCN 213 Depress NMDAR-Mediated EPSPs and LTD
These studies strongly indicate that TCNs preferentially affect GluN2A expressing NMDARs. Similarly, there is agreement that low micromolar ifenprodil is a selective GluN2B antagonist (Williams, 1993; Gray et al., 2011; Hansen et al., 2014) , although pharmacology in slices can differ from heterologous cells.
If TCN compounds are selective for GluN2A-containing NMDARs, there is a possibility that these agents (and ifenprodil) affect a receptor subtype that expresses both GluN2A and GluN2B at hippocampal synapses. Using mouse lines expressing specific subunit combinations, Rauner and Köhr (2011) showed that GluN1/GluN2A/GluN2B (type AB) triheteromers are a major NMDAR subtype in adult CA3-CA1 synapses. Gray et al. (2011) made similar observations and emphasized that GluN2A and GluN2B are the only GluN2 subunits expressed at CA1 pyramidal neuron synapses. In cultured hippocampal neurons, about two-thirds of NMDAR EPSCs involve type AB NMDARs (Tovar et al., 2013) . Other data using sequential immunoprecipitation indicate that AB triheteromers account for 15-40% of functional synaptic receptors (Al-Hallaq et al., 2007) . These studies further indicate that AB triheteromers are less sensitive to ifenprodil (Blevins et al., 1997) . Based on the premise that native NMDARs are largely diheteromers, the roles of GluN2A and GluN2B in synaptic plasticity have been described (Cull-Candy and Leszkiewicz, 2004; Shipton and Paulsen, 2014) . However, if the majority of synaptic NMDARs are triheteromers prior studies must be reinterpreted (Tovar et al., 2013) .
Our finding that ifenprodil and the TCNs are not additives against NMDAR EPSPs suggests that ifenprodil and the TCNs act on a similar population of synaptic NMDARs, although we cannot presently identify the specific subtype. We previously found that 10 mM zinc mimics ifenprodil in partially depressing NMDAR EPSPs (Izumi et al., 2006) , and zinc fails to inhibit residual NMDAR EPSPs in the presence of ifenprodil. Under the assumption that antagonism of A-and B-type NMDARs are complimentary, we speculated that low micromolar zinc behaves as a B-type antagonist, although zinc preferentially but partially inhibits A-type NMDARs at lower nanomolar concentrations (Rachline et al., 2005) . However, as shown in the present study, inhibition of NMDARs by ifenprodil and TCN compounds are not complimentary. If AB triheteromers are a major NMDAR in the hippocampus and are similarly antagonized by ifenprodil and TCN coupounds, it is possible that zinc, acting on GluN2A-containing NMDARs, inhibits the same NMDAR subtypes as ifenprodil. Zinc is a partial inhibitor of AB receptors at nanomolar concentrations (Hatton and Paoletti, 2005; Hansen et al., 2014) , as is ifenprodil at low micromolar levels, with both inhibiting less than 50% of AB responses at saturation. Nanomolar zinc also increases ifenprodil efficacy at AB receptors, although NMDA currents are still blocked by 50% at most (Hansen et al., 2014) .
We have also reported that ifenprodil sensitivity of NMDAR EPSPs is markedly dampened when rats are exposed to ethanol during synaptogenesis (Izumi et al., 2005a) . This observation suggests impairment of GluN2B-containing NMDARs but does not imply that GluN2A-expressing NMDARs are unaffected. Similarly, neuroprotection by ifenprodil does not exclude GluN2A if ifenprodil also blocks AB triheteromers. Here, we used ifenprodil at 10 mM, a concentration that saturates B-type NMDARs but likely has some effects (approximately 15% block) on A-type diheteromers (Gray et al., 2011; Hansen et al., 2014) . We used this concentration based on earlier observations in which we found that CA1 NMDAR EPSPs are only weakly sensitive to lower ifenprodil concentrations (data not shown), which is consistent with evidence that AB NMDARs have dampened ifenprodil sensitivity (Hansen et al., 2014) .
NMDARs play key roles in LTP and LTD, and NMDAR subtypes may drive these forms of plasticity. Inhibition of LTD by ifenprodil supports the involvement of receptors expressing GluN2B (Izumi et al., 2005b (Izumi et al., , 2006 . Furthermore, ifenprodil insensitivity of NMDAR EPSPs in some circumstances has correlated with LTD failure. We observed this when early postnatal rats are exposed to ethanol (Izumi et al., 2005a) or when the immediate early gene Egr3 is deleted during development (Gallitano-Mendel et al., 2007) . These findings suggest that GluN2B-containing NMDARs are susceptible to developmental insults but do not indicate that GluN2A-containing NMDARs are immune to these insults. Thus, the sensitivity of LTD induction to ifenprodil does not exclude a role for GluN2A subunits in LTD induction. If triheteromeric NMDARs are the major CA1 synaptic receptors, then modulation of GluN2A could also dampen LTD induction. Indeed, in the present study, LTD was blocked by both TCNs. The finding that LTD is sensitive to both ifenprodil and TCNs could suggest the involvement of ifenprodil-and TCN-sensitive triheteromeric NMDARs rather than the possibility that LTD requires both A-and B-type NMDARs.
The role of NMDAR subtypes in LTP is more complicated. Several studies found that LTP requires GluN2A-containing NMDARs, but not GluN2B-containing NMDARs (Sakimura et al., 1995; Sprengel et al., 1998; Liu et al., 2004; von Engelhardt et al., 2008) . However, some studies relied on NVP, an antagonist that only weakly discriminates A-and B-type NMDARs (Frizelle et al., 2006; Neyton and Paoletti, 2006; Wyllie and Chen, 2007) , and even moderate NVP concentrations block CA1 NMDAR EPSPs completely (Izumi et al., 2006) . Other investigators found that NMDARmediated LTP is not subtype specific (Berberich et al., 2005; Weitlauf et al., 2005) , and we observed that LTP was not blocked by NVP at a concentration that was selective for GluN2A receptors (Izumi et al., 2006) . In the present study, we found that the TCNs failed to inhibit LTP at concentrations that are effective against LTD. Moreover, in the presence of 5 mM D-APV, the same concentrations of the TCNs blocked LTP. These results suggest that LTP induction can be independent from TCN-sensitive NMDARs, and likely reflect a role for triheteromeric but not diheteromeric NMDARs that are TCN sensitive. Alternatively, LTP induction could depend on TCN-sensitive NMDARs but with a different threshold. Posttranslational modifications could also affect the sensitivity of native NMDAR subtypes to TCNs and ifenprodil.
Importantly, unlike their effects on diheteromeric NMDARs, the TCNs and ifenprodil are partial inhibitors of AB triheteromers (Hansen et al., 2014) . The reasons for partial antagonism are uncertain; however, this leaves a significant percentage of unblocked NMDARs that can drive LTP but not LTD. These residual receptors are sensitive to low micromolar APV, raising the possibility that there may be subtypes of AB triheteromers, at least one of which is sensitive to the TCN compounds and ifenprodil and another that is insensitive to these agents. LTP is inhibited when low micromolar APV is coadministered with ifenprodil (Izumi et al., 2006) or the TCN compounds, but not by low micromolar APV alone. If ifenprodil-and TCN-sensitive NMDARs are dysfunctional, then activation of remaining NMDARs appears sufficient for LTP induction.
In summary, we find that TCN 201 and TCN 213, known GluN1/GluN2A antagonists, do not antagonize ifenprodilinsensitive NMDARs at CA1 synapses in P30 rat hippocampal slices. Thus, ifenprodil and TCN compounds behave similarly in this system. This presents an enigma. What is the residual NMDAR component that is insensitive to ifenprodil and TCN compounds? Are there novel NMDAR subtypes? A specific and full antagonist against triheteromeric NMDARs is needed to clarify the role that AB receptors play in hippocampal function.
